We have developed a chromium speciation and preconcentration method with the use of the graphite furnace atomic absorption spectrometry (GFAAS) technique. This method is based on single-drop microextraction (SDME) technique. Nowadays the microextractions have become popular, because low amount of organic solvent needs to be used for the separation. The sample was introduced into the extraction cell with a single chloroform droplet. For the separation and enrichment of chromium species, an ion-pair forming compound was used. After the extraction, the chromium content of the droplet was determined by GFAAS. The analytical sensitivity of the standard SDME technique was improved by increasing the volume of organic phase and by sample recirculation. Because of the increased contact area and the developed extraction device, the stability of droplet was markedly increased. As an application we have determined the Cr(VI) content of sea water by the GFAAS technique using these separation/enrichment methods. Under the optimized extraction conditions, the linear range, detection limit (S/N = 3) and precision (RSD, n = 3) for Cr(VI) were 0.14 -5.00 μg/L, 0.042 μg/L, and ≤ 3.0%, respectively. The advantages of this method are the following: cost efficiency, the high enrichment of chromium species and easy usage with the GFAAS technique. Therefore the concentration of the chromium species can be determined at the ng/L level.
Introduction
In analytical chemistry one of the greatest challenges of the 21 st century is the development of speciation analysis. [1] [2] [3] [4] Speciation analysis means it is not enough to determine the total concentration of the desired element, as the effect of different species of an element on a living organism can be quite different. Hence it is common in speciation analysis for the species to be separated from each other before the quantitative determination of the separated fractions takes place.
Speciation can be divided into two groups: on-line and off-line methods. On-line methods often require expensive chromatographic instruments. 3 They are faster than off-line methods, where the separation and detec-tion is divided in time, although off-line techniques (non-chromatographic methods) are still much cheaper. 4 This is the reason of their popularity even nowadays. Another major challenge of speciation analysis is that some trace elements are below the detection limit of the instruments, thus the enrichment of the species is needed. Enrichment can be carried out easily using extraction techniques. 4, 5 Needless to say, the transformation of the different species must be avoided during sample handling. 4, 6 Chromium has two stable valencies in nature. The two species have totally different effect on living forms. Cr(III) is an essential trace element for proper insulin activity, whereas Cr(VI) is toxic and carcinogenic to all living organisms even in trace amounts.
The separation of chromium species can be performed using various separation-enrichment procedures including liquid-liquid extraction [7] [8] [9] [10] [11] [12] and solid-phase extraction [13] [14] [15] [16] [17] . Pure chromatographic methods involve using liquid extraction for sample preparation to separate and preconcentrate chromium species, 18, 19 but oftentimes this results in inadequate sensitivity for the trace concentration of chromium in real samples. These separation techniques combined with flame or graphite furnace atomic absorption spectrometry can be more sensitive than HPLC and UV/VIS methods. 4 In the case of on-line chromium speciation, the flow injection system can be used for solid phase 20 or liquid extraction. 8 Expensive methods, such as flow-injection coupled to ICP-MS (FI-ICP-MS) have been developed where 74 ng/L and 18 ng/L detection limits can be achieved for Cr(III) and Cr(VI), respectively. 20 To reduce the analysis drawback and cost of the automated chromium speciation, methods were developed with the sequential injection analysis (SIA) system with UV/VIS 21, 22 and FAAS 23 or GFAAS 24 detection. Further improvement of these systems was based on the miniaturization of the flow manifolds. The result was a micro sequential injection analysis Lab-On-Valve (μSI-LOV), which alleviated the majority of the drawbacks of FIA methods 25 and it had a small size with a mini spectrometer, which was developed for a field operated chromium speciation method. 26 Nowadays the current trend is the simplification and miniaturization of sample preparation techniques. 20, [27] [28] [29] [30] The base of this concept is to preserve the advantages of the original extraction method and to reduce its drawbacks. The possible results of the miniaturized extraction techniques are increased selectivity and enrichment. The methods include reduced organic solvent consumption and waste production to achieve environmentally friendly and inexpensive processes. 27 The microextraction techniques generally are greener, 31 faster and more automatable than the original techniques.
In recent years, the liquid-liquid extraction (LLE) has become popular in miniaturization, 12, 30 because it is fast, easy to use, inexpensive and compatible with many analytical instruments. There are three major categories: single-drop microextraction (SDME), 12, 32, 33 hollow-fiber microextraction (HF-LPME) and cloud-point extraction (CPE). 34 Major advantages of single-drop microextraction are the following: simplicity, a very limited amount of organic solvent, one-step extraction and preconcentration. Major disadvantages of the SDME are that the droplets are unstable and that their volume is limited to 5 μL. Also the reproducibility and extraction efficiency of this method are poor due to the droplet stabilization problems. There were early attempts to increase the volume and stability of the microdroplet by modifying the needle geometry by flared or oval tube. 35, 36 The HF-LPME is better and more complex than the SDME, but it has similar problems except for droplet stabilisation. The CPE has overcome the above mentioned problem, but is difficult to automatize and has very limited applicability for complex samples. 30 Good example of the automation of SDME was a sequential injection (SI) coupled to GFAAS, which was used for the determination of Cd. 37 This method used a modified FIA system with homemade extraction cell. This setup was difficult to adopt for other instruments and had a long idle time for the GFAAS instrument, because sample preparation time was 10 min and the determination approx. 2 min. The on-line speciation is better for FAAS and ICP techniques. For GFAAS exists a direct chromium speciation. The principle of these methods is using β-diketone to make complex ions of chromium species with different volatilization temperature, 38 but it has higher RSD values than other methods. The other approach is using the commercially available multi-purpose samplers (MPS by Gerstel) for determination of organic compounds by GC-MS. 39, 40 These methods' advantages are readiness to use, but they are very expensive and available only for gas and liquid chromatograph. The semi-automated approach to the microextraction was suggested for GFAAS. 41 Our choice for chromium speciation was the SDME, as it is simpler, requires no foreign material (hollow-fiber) and creates a stable redox system for Cr(VI).
Our goal was to reduce the SDME method's disadvantages and to develop a cheap and fast analytical method that would enable us to separate, enrich and determine Cr(VI) species in environmental samples such as tap water, surface water, sea water, etc. Our goal was to develop extraction method using higher volume and stability of the droplet at higher sample flowrate. Another important feature is that the volume of the sample is freely variable, if a higher enrichment needs to be achieved. Finally, there is a possibility to the automatization of the extraction.
Experimental

1. Reagents
All solutions were prepared using ultrapure water. Chloroform was HPLC grade, 96% acetic acid and sodium acetate were analytical reagent grade. These chemicals were obtained from VWR International and methyltrioctylammonium chloride (CAS:5137-55-3, purity ≥97%) from Sigma Aldrich were used for the liquid-liquid extraction. Both Cr(III) and Cr(VI) stock standard solutions containing 1000 mg L -1 of Cr were obtained from Fluka.
Apparatus
To prepare sample solutions ultra-pure water was used, which was made using a Millipore Milli-Q RG apparatus. The pH of the solutions was measured with a pH Kapitány et al.: Separation/preconcentration of Cr(VI) with ... meter made by HANNA Instrument. For the chromium analysis a graphite furnace atomic absorption spectrometer (Varian AA-20 + GTA 96) was used. The injected volume of the samples was 20 μL. The temperature program of the furnace was customised for proper determination as seen in Table 1 and Table 2 . Chromium measurements were carried out at 357.9 nm wavelength with a spectral bandwidth of 0.5 nm. Argon 99.996% (Linde Hungary) was used as protective gas and integrated absorbance (peak area) was used for the determination.
1. The Modified SDME Cell
The aim of the developed extraction cell was to reduce the disadvantages of the SDME. The procedure is as follows: first, the droplet is sitting, not hanging. This configuration increased the stability of the droplet. The new glass cell is hollowed for the organic droplet (Fig 1) . It has two main components: an extraction cell and glass stopper. The extraction procedure is the following: the closed cell is filled with distilled water, and after that the cell is opened so that the organic droplet can be placed in it. Then it is closed. The sample solution is introduced into the extraction cell with a syringe pump. After the extraction the organic droplet can be removed with syringe or pipette. The 10 -100 μL micropipette (Biohit) was a better solution. The Hamilton syringe for GC was problematic because it had metal parts and the extraction solvent reacted on it. The results were increased blank values for chromium.
The advantages of this cell geometry were the following: first, it stabilised the droplet, increased robustness of the extraction and ensured a higher flow rate of the sample. Second, the droplet volume was increased to 40 μL to provide a greater contact area between the two phases and a higher extraction efficiency. On the other hand the higher droplet volume was better for GFAAS determination. The droplet could be introduced into the graphite tube or the vials of the autosampler.
At this experiment 40 μL of the chloroform droplet was used and the ion-pair agent was dissolved in chloroform to separate and enrich the Cr(VI) content of the sample.
The Recirculating Single-drop Microextraction Device
This system is an upgraded version of the above mentioned system. It is understood that extraction efficiency can be increased by repeating the procedure. Our aim was to construct an extraction system to multiply the single-drop extraction. The result was the recirculating single drop microextraction system shown in Fig. 2 . This system consists of a sample reservoir (25 mL beaker), a peristaltic pump (MTA KUTESZ LS-204), an extraction cell, a Hoffmann clamp and a Tygon tube (i.d.: 0.76 mm). The Hoffmann clamp was needed to set the back pressure, as the extraction chamber could be fully loaded with the sample solution.
The procedure is as follows: first, the beaker is filled with the sample and the tubes are inserted into the sample solution. After that the whole system is filled using the peristaltic pump and finally, the droplet is ready to be inserted into the extraction cell. The additional advantages of this system over the modified SDME are increased extraction efficiency thanks to the recirculating sample and easier sample changing, as the syringe pump is replaced with peristaltic pump and during the clean-out procedure only the inlet tube has to be put into the distilled water.
Results and Discussion
1. Method Development
The principal steps of the method are: adjusting the pH of the water sample, extraction with the new system and finally GFAAS measurement to determine the chromium concentration in the chloroform. Optimal parameters, such as pH, time, reagent concentration and GFAAS heating programme were explored for each step. The aqueous phase volume was set to 10 mL.
1. 1. Optimization of the Extraction
We tested the extraction range of 1.0 -7.0 pH with 0.5 steps. 1.0 mol/L HCl and 0.1 mol/L NaOH was used to set the pH. The optimum pH range of this extraction was found from 2.0 -5.0 pH. Thus for all further analyses, we used 4.0 pH, and it was adjusted with acetic acid / sodium acetate buffer (10 mL sample solution + 1 mL buffer). 1 L buffer was prepared from 847 mL 0.1 mol/L acetic acid and 153 mL 0.1 mol/L sodium acetate.
Methyltrioctylammonium chloride concentrations in the chloroform were investigated in the range of 0.1 -5 % (w/w) and the ideal was found at 1 % (w/w). Probably at the high methyltrioctylammonium chloride concentration, there is a negative effect on GFAAS determination, because too much organic material was introduced into the graphite tube and at the ashing step chromium losses occurred.
The flow rate of the sample solution was investigated. Previously with the syringe pump the optimal flow rate was 1.0 mL/min with single extraction. The peristaltic pump was used in the range of 2.5 -14.0 mL/min and the extracted Cr(VI) linearly increased by the flow rate ( Fig.  3) . At the higher flow rate, the droplet immediately ran out from the extraction cell. The flow rate was reduced to 11.5 mL/min to ensure the stability and repeatability of this method. At this parameter, 10 mL of the sample circulated in the extraction cell 11.5 times in 10 min. This was a remarkable signal increase with GFAAS measurements compared to previous SDME sample preparation.
The extraction time was investigated in the range of 1 -35 min (Fig. 4) . We found that the chromium concentration of the droplet linearly increased in the range of 1 -15 min. We limited the extraction time to 10 min to take in account the throughput of this method, and all further measurements were carried out in 10 min. The volume of the droplet was investigated between from 10 -70 μL and the ideal volume was found at 40 μL (Fig 5) . At a 70 μL droplet volume, the efficiency of the extraction was decreased.
1. 2. Optimisation of the Heating Programme
The graphite heating was optimized for organic media with a high-concentration of methyltrioctylammonium chloride. The right drying and ashing steps had to be used to maximise the chromium(VI) signal at GFAAS determination. The modified programme is shown in Table   2 . Two kinds of calibration standards were prepared. One of them was diluted from the Cr(III) stock standard in water. The other was diluted from the Cr(VI) stock standard in water and was extracted by chloroform with methyltrioctylammonium chloride in 13 mL plastic test tube with screw cap. This liquid-liquid extractions were carried out at an optimum pH and methyltrioctylammonium chloride concentration. The ratio of the phases was 1:1 (3 + 3 mL). Heating programme I was used for the water phase and programme II was used for organic solutions. The results are shown in Fig 6. The sensitivity of the chromium determination was decreased in organic media. Therefore, the extraction calibration had to be used for Cr(VI) determination. This calibration method was used for all further measurements at Cr(VI) determination.
2. Method Validation
The 1000 mg/L Cr(VI) stock standard was used and the calibration standards were established by dilution with distilled water. These prepared solutions (10 mL sample + 1 mL buffer) were extracted by this method and the chloroform phase was analysed by the GFAAS.
The recovery analysis was carried out with three different known quantities of Cr(VI). These spiked samples were processed as normal samples. The method was validated for linearity with 0.14 -5.00 μg/L Cr(VI). The equation of the calibration curve was y = 0.2958x + 0.0395 (R 2 = 0.99), where šy' is the peak-area and šx' is the concentration of Cr(VI). The detection limit of the method was 42 ng/L.
The recovery of Cr(VI) in spiked tap water samples ranged from 97% to 101.1% and the precision of the measurements was from 2.38% to 2.81% ( Table 3) . Regarding the result for the repeatability of this method, 2.53% was observed. 
An optimised Method for Cr(VI) Analysis
The optimised procedure was: first, the sample pH was set to 4 with acetic acid and sodium acetate buffer. A 10 mL sample and 1 mL buffer were introduced to the beaker, the flow rate was set to 11.5 mL/min and the extraction time was 10 min. In this procedure, the methyltrioctylammonium chloride concentration in the chloro-form droplet was 1 % (w/w). After the extraction, 40 μL of chloroform was diluted to 100 μL to ensure enough sample volume for the autosampler. Finally 40 μL of the sample was introduced into the graphite tube and the chromium content was determined with the optimized heating programme. At this method the enrichment factor (EF) was 100.
4. Analysis of the Real Samples
The developed method was tested with sea water samples. The water samples were collected from same location at different time. The results were summarized in Table 4 .
6. Automatization
Currently, the peristaltic pump had a timer to switch off after 10 min. We are planning to increase the automati- The Cr(VI) and total chromium concentrations were determined in sea water samples and the results were in good agreement with other research. 42
5. Comparison to Other Methods
Our developed method has very good limit of detection compared to other cited methods in Table 5 .
The advantage of the developed method is that the sample volume is freely variable. Large amount of water sample can be used to increase the enrichment. The higher volume of the droplet and the recirculation of the sample solution around the droplet leads to higher efficiency of extraction than possible with the normal SDME. This off-line method can be easily adapted to any GFAAS instrument and there is no need to modify the expensive instrument. This SDME technique can be applied to other analytical task, where a high enrichment of the analyte is important.
There are a number of potential drawbacks to the SDME method. Low sample throughput as it takes 10 min, but other SDME methods require the same extraction time. Highly skilled lab worker is needed to set the droplet and this device. The chloroform is volatile, therefore the temperature has to be controlled and before the GFAAS the sample vials have to be sealed to avoid evaporation of the organic solvent. This effect can cause unexpected increase of the chromium concentration. Currently, extraction cell is not commercially available, because it has to be made manually. zation degree of this process. The notion is based on semiautomatic chromium speciation approach with μSIA technique. First, the Arduino microcontroller coordinates the syringe, distribution valve, peristaltic pump and tip of the extraction cell. The next step is to couple the developed device with an autosampler and sample collector (Fig. 7) . This system is containing new and salvaged parts to reduce the cost. The Arduino microcontroller is easily programmable, cheap and easy to connect the display, relay control and motor driver boards.
Further plan is to replace the sample collector (SC) with the autosampler of the GFAAS to achieve the full automatization.
The planned fully automated sample preparation system will be useful to determine the Cr(VI) by GFAAS.
Conclusions
In this study a novel single drop microextraction (SDME) technique is presented for chromium speciation. The advantages of this method are, in addition to minimal organic solvent consumption and the need for only one droplet per sample to extract, the higher stability of the drop and the possibility of high enrichment of the analysed elements. The higher volume of the droplet in a modified cell and the recirculation of the sample solution around the droplet leads to higher efficiency of the extraction than is possible with the normal SDME. This simple, easy to make, cheap, effective, rugged and safe extraction method can be used to create fully automated sample preparation system. Finally, this recirculating system can also be used for the extraction and enrichment of other analytes at the ng/L level.
